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Inelastic neutron scattering experiments have been carried out on a powder sample of Cu2PO4OH,
which consists of diamond-shaped tetramer spin units with S=1/2. We have observed two nearly
dispersionless magnetic excitations at E1∼12 and E2∼20 meV, whose energy width are broader than
the instrumental resolution. The simplest square tetramer model with one dominant interaction,
which predicts two sharp excitation peaks at E1 and E2(=2E1), does not explain the experimental
result. We found that two diagonal intratetramer interactions compete with the main interaction
and weak intertetramer interactions connect the tetramers. The main intratetramer interaction is
found to split into two inequivalent ones due to a structural distortion below 160 K. Cu2PO4OH is
considered to be a good material to study the S=1/2 Heisenberg tetramer system.
PACS numbers: 75.25.-j, 75.30.Kz, 75.50.Ee
I. INTRODUCTION
Spin-1/2 antiferromagnets showing a spin gap between
a singlet ground state and magnetic excited states at-
tract special interest, since the gap is a fundamental
quantum effect. The spin gap behavior is widely seen
in one-dimensional antiferromagnets with alternating in-
teractions including spin-Peierls materials, in which spin-
lattice coupling plays an important role. It is also seen
in isolated antiferromagnetic spin clusters. [1, 2]
Among the various spin cluster or spin molecule sys-
tems, dimer systems have been studied intensively since
there are many candidate materials. On the other
hand, materials for the tetramer system are limited.
The candidate materials for the linear tetramer sys-
tem are Cu2PO4, [3] NaCuAsO4, [4] SrCu2(PO4)2, [5]
and PbCu2(PO4)2. [6] Cu2PO4 was confirmed to be a
linear-tetramer system with two intratetramer interac-
tions, J1=-55 K and J2=95 K. [7] [Mo12O28(µ2-OH)9(µ3-
OH)3{Ni(H2O)3}4]·13H2O consists of distorted tetra-
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FIG. 1. A schematic view of the weakly interacting spin
tetramers of Cu2PO4OH. Intratetramer interactions (J1, J
′
1,
J2, and J3) and intertetramer interactions (J4 and J5) are
also shown. Below the structural transition temperature at
160 K, J1 and J
′
1 become inequivalent.
hedra of Ni2+ moments with S=1. [8] The energy
level scheme was found to be explained by two anti-
ferromagnetic intratetramer couplings and an easy-axis
anisotropy. [9] An approximate square tetramer is real-
ized in Na4[V12As8O40(H2O)]·23H2O, in which V4+ ion
carries S=1/2. [10] The energy level scheme is well re-
produced by two antiferromagnetic intratetramer inter-
actions, which are isotropic.
Cu2PO4OH is a candidate material for the S=1/2
2diamond-shaped antiferromagnetic tetramer system, [11]
as shown in Fig. 1. It was estimated from the mag-
netic susceptibility at high temperatures that ΘCW =
−128 K and the effective moment peff = 1.95 µB, con-
sistent with 1.73 µB expected for S=1/2. Cu2PO4OH
does not undergo long range magnetic ordering down
to 1.8 K. The magnetic susceptibility at low tempera-
tures shows a spin-gap behavior and can be fitted using
the isolated tetramer model with an exchange interac-
tion of 138 K (=11.9 meV). An NMR study also con-
firmed the existence of the spin gap. [12] Recently, it has
been found that this material shows a structural tran-
sition from being orthorhombic (Pnnm) to monoclinic
(P21/n) around Tst=160 K on cooling. [13] This struc-
tural distortion makes J1 and J
′
1 inequivalent, as shown
in Fig. 1. Although six interactions in total need to
be considered in Cu2PO4OH, the gap behavior suggests
that this material could be a tetramer system. Since
neutron scattering studies in the spin tetramer system
are quite limited, it is important to observe the magnetic
excitations and clarify the magnetic interactions in this
compound.
We have performed inelastic neutron scattering exper-
iments on a powder sample of Cu2PO4OH in order to
study the magnetic excitations from the tetramer spin
system. We have clearly observed two magnetic excita-
tions at E1 ∼12 and E2 ∼20 meV, whose energy widths
are broader than the instrumental resolution. It was
found that the energy levels cannot be explained with the
simple square tetramer model with only one dominant
antiferromagnetic interaction, which predicts E2/E1=2.
We found that finite diagonal intratetramer interactions
are needed to explain the observed ratio E2/E1∼5/3.
Weak intertetramer interactions, which are an origin of
the broadened peak width, are considered to connect the
tetramers quasi-one dimensionally. The diagonal cou-
plings J2 and J3 compete with J1. The difference be-
tween J1 and J
′
1 due to the structural distortion, which
is another origin of the peak broadening, was estimated
to be about 10%. Although the energy levels are slightly
modified because of the diagonal interactions and the
splitting of J1, Cu2PO4OH is considered to be a good
material to study the S=1/2 Heisenberg antiferromag-
netic tetramer system.
II. THEORETICAL BACKGROUND
The energy level diagrams for tetrahedron, rectangu-
lar, and linear tetramers in S=1/2 isolated Heisenberg
tetramer systems are shown in Ref. 1. The simplest
model for the diamond-shaped tetramer in Cu2PO4OH
is the tetramer model with one dominant interaction J1.
We describe here the energy level diagram in a more gen-
eral model for the diamond-shaped tetramer with two di-
agonal interactions (J2 and J3), as shown in Fig. 1. For
the sake of simplicity, we assume that J1=J
′
1. The effect
of J ′1 will be described in Sec. III.
There are two singlet, three triplet, and one quintet
states in the model. Diagonalizing the single-tetramer
Hamiltonian with J1, J2, and J3, the energy levels are
obtained as follows:
Esinglet-1 =
1
4
(−8J1 + J2 + J3),
Esinglet-2 = −3
4
(J2 + J3),
Etriplet-1 =
1
4
(−4J1 + J2 + J3),
Etriplet-2 =
1
4
(J2 − 3J3),
Etriplet-3 =
1
4
(−3J2 + J3), and
Equintet =
1
4
(4J1 + J2 + J3).
The wave functions of these levels are given as
|singlet-1; Sztot = 0 > =
| ↓↓↑↑>
2
√
3
+
| ↓↑↓↑>
2
√
3
− | ↓↑↑↓>√
3
− | ↑↓↓↑>√
3
+
| ↑↓↑↓>
2
√
3
+
| ↑↑↓↓>
2
√
3
,
|singlet-2; Sztot = 0 > =
| ↓↓↑↑>
2
− | ↓↑↓↑>
2
− | ↑↓↑↓>
2
+
| ↑↑↓↓>
2
,
|triplet-1; Sztot = 1 > =
| ↓↑↑↑>
2
− | ↑↓↑↑>
2
− | ↑↑↓↑>
2
+
| ↑↑↑↓>
2
,
|triplet-2; Sztot = 1 > =
| ↑↓↑↑>√
2
− | ↑↑↓↑>√
2
,
|triplet-3; Sztot = 1 > =
| ↓↑↑↑>√
2
− | ↑↑↑↓>√
2
, and
|quintet; Sztot = 1 > = | ↑↑↑↑> .
In the case of J2=J3=0, the ground state is singlet-1 and the first excited state is triplet-1. The second ex-
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FIG. 2. (Color online) Color contour maps of the inelastic
neutron scattering intensity S(|Q|, E) for Cu2PO4OH powder
measured with Ei=30 meV at T=5 and 100 K. Background
scattering measured with an empty sample can is subtracted.
cited states are singlet-2, triplet-2, and triplet-3, which
are degenerate. The fourth excited state is the quintet.
Neutron scattering observes excitations from singlet-1 to
triple-t-1, triplet-2, and triplet-3 at low temperatures.
With increasing temperature, excited states become pop-
ulated and excitations from singlet-2 to triplets and from
triplets to quintet are expected to increase.
Including non-zero J2 and J3 smaller than J1, the
ground and the first excited states remain singlet-1 and
triplet-1, respectively. The first excited energy is also not
affected by the finite J2 and J3. On the other hand, exci-
tation energies to triplet-2 and triplet-3 become 2J1−J3
and 2J1 − J2, respectively.
III. EXPERIMENTAL RESULTS AND
DISCUSSION
A powder sample of undeuterated Cu2PO4OH with a
mass of∼6.5 g was prepared by the hydrothermal method
as decsribed in Ref. 11. The inelastic neutron scatter-
ing experiments were carried out on a chopper neutron
spectrometer ARCS, [14] installed at the Spallation Neu-
tron Source (SNS) at Oak Ridge National Laboratory
(ORNL). We utilized two incident energies of 30 and 60
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FIG. 3. (Color online) (a) Energy cuts through S(|Q|, E) at
intervals of |Q|=0.5−2.5, 2.5−4.5, and 4.5−6.5 A˚−1 measured
with Ei=30 meV at T=5 K. (b) Energy cuts of S(|Q|, E) in-
tegrated with respect of |Q| in the range of |Q|=0.5−2.5 A˚−1
as a function of temperature. The integrated value is normal-
ized by the accessible |Q| range due to kinematic constraints
as shown in Fig. 2. The thick and thin arrows represent
magnetic and phonon signals, respectively.
meV. Energy resolutions at the elastic position are ∼1
and ∼ 2 meV with Ei=30 and 60 meV, respectively. We
used an annular sample cell to reduce attenuation from
hydrogen and multiple scattering. The measurements
were performed in a temperature range of 5 ≤ T ≤ 200
K using a closed-cycle refrigerator. Measurements with
an empty can were also performed to subtract the back-
ground scattering properly.
Figure 2 shows the inelastic neutron scattering spec-
tra S(|Q|, E) from Cu2PO4OH powder measured with
Ei=30 meV. At T=5 K, two flat excitations are clearly
observed at ∼12 and ∼20 meV at low |Q| region below
∼2.5 A˚−1. The intensities of these excitations decrease
at 100 K, suggesting that these are magnetic signals. On
the other hand, at T=100 K, the almost non-dispersive
modes, which are considered to be phonons, become more
distinctive around 7, 9, 11, 13, 18, and 22 meV in the high
|Q| region.
Figure 3 shows several energy cuts through S(|Q|, E)
measured with Ei=30 meV. Figure 3(a) shows energy
cuts through S(|Q|, E) measured at T=5 K, integrated
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FIG. 4. (Color online) Excitation energies in a single tetramer
as a function of J2/J1 for J3/J1 = 0.33. Two singlets, three
triplets, and a quintet are shown in red, green and blue,
respectively. The triplet-2 and triplet-3 become degenerate
when J2=J3.
over the different |Q| ranges shown in the figure. The
peaks around 7, 10, 18, and 22 meV grow with increasing
|Q|, consistent with the behavior expected for phonons.
On the other hand, the excitations at ∼12 and ∼20 meV
do not change much, probably because the magnetic and
phonon contributions compensate. Magnetic scattering
is mostly dominant in the low |Q| region and phonon
scattering is superposed in the high |Q| region, where
magnetic intensity becomes weak. Temperature depen-
dence of the energy cuts integrated with respect of |Q|
in the range of |Q|=0.5−2.5 A˚−1 are shown in Fig. 3(b).
The peaks around 7, 10, and 18 meV also grow with in-
creasing temperature, whereas the peaks around 12 and
20 meV decrease. These results confirm that the excita-
tions around 7, 10, and 18 meV are phonons and those
around 12 and 20 meV are magnetic. The peak widths
of the first and the second excited magnetic state are
estimated to be ∼3 meV, which is larger than the instru-
mental resolution ∆E(<1 meV).
As described in Sec. II, two magnetic excitations are
expected at E1 = J1(∼12 meV) and E2 = 2J1(∼24 meV)
in the case of J2=J3=0. Since our results show that
the ratio |E2/E1| ∼5/3, additional intratetramer inter-
actions should be included. We first consider the simpler
model with J1=J
′
1. In this case, the ratio of ∼5/3 is
realized when J2 or J3 becomes ∼0.33J1. Furthermore,
since only two excitations are observed, the second and
the third excited states are considered to be approxi-
mately degenerate. In Fig. 4, the excitation energies
for a fixed value of J3/J1=0.33 are shown as a function
of J2. The two triplet states are degenerate only when
J2=J3. Our results indicate that E1 = J1 ∼12 meV and
E2=2J1 − J3=2J1 − J2∼20 meV. Therefore, it is calcu-
lated that J2=J3 ∼ 4 meV, suggesting that both diagonal
couplings are competing with the main interaction J1.
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FIG. 5. (Color online) Excitation energies in a single tetramer
as a function of J ′1/J1 for J2/J1=J3/J1=0.33. Two singlets,
three triplets, and a quintet are shown in red, green and blue,
respectively.
The finite antiferromagnetic coupling of J2 is reasonable,
because J2 is mediated by the Cu-O-Cu superexchange
coupling with a bond angle of 97◦. However, it is un-
expected that J3, which is mediated by the Cu-O-O-Cu
super-superexchange interaction, is relatively large.
As described in Sec. I, the structural distortion at 160
K, which makes J1 and J
′
1 inequivalent, also changes the
energy levels. We performed further analytical calcula-
tions including J ′1. The energy levels of a single tetramer
for J ′1/J1 = r and J2/J1=J3/J1=0.33 are obtained as
follows:
Esinglet-1 =
1
6
J1(−4− 3r − 2
√
7− 12r + 9r2),
Esinglet-2 =
1
6
J1(−4− 3r + 2
√
7− 12r + 9r2),
Etriplet-1 =
1
6
J1(−2− 3r),
Etriplet-2 =
1
6
J1(2 − 3r),
Etriplet-3 =
1
6
J1(−4 + 3r), and
Equintet =
1
6
J1(4 + 3r).
Figure 5 shows the excitation energies for
J2/J1=J3/J1=0.33 as a function of J
′
1/J1. The
excitation energies from singlet-1 to triplet-2 and -3 split
as J ′1/J1 deviates from 1, causing the second excited
state to split or broadened without changing the width
of the first excited state. Analytical calculations in a
first order approximation show that the bandwidths of
the triplet-1, triplet-2, and triplet-3 are 2/3(J4+J5),
J5/3, and J4/3, respectively. Therefore, the bandwidths
of the first and the second excited state are 2/3(J4+J5)
and a value less than (J4+J5)/3, respectively. This
means that the peak width of the first excited state
5should be at least twice as large as that of the second
excited state. The experimental results show that the
energy width of the second excitation peak is similar to
that of the first excited state. This indicates that J ′1 can
be only slightly larger or smaller than J1.
J ′1, J4, and J5 are estimated from the observed ex-
citation widths as follows. It is noted that a super-
superexchange coupling (bond distance: 5.4 A˚) was as-
sumed as an intertetramer coupling between Cu2. [11]
Here, we assume that J5 is a superexchange coupling
between Cu2 with a bond distance of 3.06 A˚ and a Cu-
O-Cu bond angle of 100◦. This interaction is consid-
ered to be antiferromagnetic because of the bond angle.
The excitation widths are observed to be ∼3 meV, which
is much broader than the instrumental resolution (<1
meV). This suggests that the intrinsic excitation band
width is about 2.8 meV. For the first excited state, the
band width 2/3(J4+J5) should correspond to the exci-
tation width 2.8 meV. Therefore, J4+J5∼4.2 meV. Con-
sidering that J2 has been determined to be nonnegligible
in this study, it would be reasonable to assume that J4
is also finite and similar to J2, since the Cu-O-Cu su-
perexchange paths of J2 and J4 should be similar. If this
is the case, J4 is assumed to be ∼4 meV and J5 to be
very small. Then, the second excited state should have
the width of at least ∼1.3 meV. An additional broaden-
ing probably originate from the peak splitting due to J ′1.
In the case of J ′1/J1=0.9 and 1.1, the peak broadening
is estimated to be about 3 meV, including the instru-
mental resolution. Therefore, the difference between J1
and J ′1 is about 10%. Here, we define that J1 > J
′
1.
The interactions with J1 ∼12.5 meV, J ′1 ∼11.3 meV and
J2 ∼ J3 ∼ J4 ∼4 meV reasonably reproduce the two
broad magnetic excitations observed.
The temperature dependences of the scattering inten-
sities between the singlet ground state and the first (12
meV) and second excited states (20 meV) are plotted in
Fig. 6(a). Background intensities at 16 and 26 meV were
subtracted from the excitation data at 12 and 20 meV,
respectively. The scattering intensity is proportional to
the thermal population factor Rm(T ) for the initial state
with Em, given by
Rm(T ) =
exp(−Em/kBT )∑
i=1
exp(−Ei/kBT )
. (1)
For the 12 meV and 20 meV excitations, the singlet-1
ground state is considered as the initial state. In Fig.
6(a), the observed and calculated intensities are normal-
ized at 5 K. Equation 1 gives higher intensities than the
excitation intensities observed. This is probably because
the tetramers are not isolated well, consistent with the
finite intertetramer interactions as discussed above.
Magnetic excitations between excited states are also
expected with increasing temperature, as described in
Sec. II. Excitations from singlet-2 to triplet-2 and -
3, from triplet-1 to quintet, and from triplet-2 and -
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FIG. 6. (Color online) (a) Temperature dependences of the
magnetic excitation intensities at 12 and 20 meV measured
with Ei=30 meV. The intensities are integrated with respect
to |Q| in the range of 1.0≤ |Q| ≤ 2.5 A˚−1 at 12 meV and
1.7≤ |Q| ≤ 2.5 A˚−1 at 20 meV. Background intensities at 16
and 26 meV are subtracted from the 12 meV and 20 meV
data, respectively. The broken lines are the calculated values
using Eq. (1). (b) S(|Q|, E) integrated with respect to ener-
gies E=11.5−12.5 and 19.5−20.5 meV measured with Ei=60
meV. The intensity at E=4.5−5.5 meV, where phonon scat-
tering is not very intense, is subtracted as a constant back-
ground. Therefore, the data contain phonon scattering espe-
cially at high |Q|.
3 to quintet are expected with excitation energies of
∼0.4J1(∼5 meV), ∼2.0J1(∼25 meV), and ∼1.3J1(∼16
meV), respectively. As shown in Fig. 3(b), intensities
at ∼5 and ∼16 meV increase with increasing tempera-
ture. On the other hand, the intensity at ∼25 meV does
not change much with temperature. Since tails of the
phonon peaks are also superposed at these energies, it is
difficult to discuss the temperature dependence of these
intensities quantitatively.
The |Q| dependences of the excitation intensities be-
tween the singlet ground state and the first and sec-
ond excited states are plotted in Fig. 6(b). The two
6excitation states (triplet-2 and -3) are nearly degener-
ate at 20 meV. The calculated intensity corresponds to
the square of the powder averaged tetramer structure
factor multiplied by the magnetic form factor of Cu2+
spins. The calculated intensities reproduce the low-|Q|
data (≤∼2.4 A˚−1) reasonably well. Phonon scattering
overlaps at higher |Q|. However, the broad peak position
at ∼3 A˚−1 of the 12 meV excitation is well reproduced,
since the phonon intensity just gradually increases with
increasing |Q|. These results confirm that the first and
second excited states are triplet-1 and a nearly degener-
ate state of triplet-2 and -3, respectively, suggesting that
the interactions of J1 ∼12.5 meV, J ′1 ∼11.3 meV and
J2 ∼ J3 ∼ J4 ∼4 meV are accurate.
IV. SUMMARY
Inelastic neutron scattering experiments have been car-
ried out on Cu2PO4OH, consisting of diamond-shaped
isotropic quantum spin tetramers. We have found two
nearly dispersionless magnetic excitations at ∼12 and
∼20 meV with broad excitation width. It was estimated
that the coupling constants are J1 ∼12.5 meV, J ′1 ∼11.3
meV, and J2 ∼ J3 ∼ J4 ∼4 meV. Thus, the S=1/2
diamond-shaped antiferromagnetic tetramer consists of
two inequivalent main interactions and finite competing
diagonal couplings. Compared to the other tetramer ma-
terials described in Sec. I, Cu2PO4OH is unique in a
sense that the diamond-shaped tetramers are connected
quasi-one dimensionally.
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